The majority of luminal type breast carcinomas are slowly growing tumors with an overall favorable prognosis. However, a proportion of cases (luminal B tumors) are characterized by coactivation of growth factor receptors or non-canonical ER signaling and a poorer clinical outcome. The aim of our study was to evaluate whether the expression of proteins that are part of the ER signaling network may be used to distinguish low-risk from highrisk luminal tumors. Unsupervised hierarchical clustering of a set of proteins either involved in estrogen receptor signaling or associated with resistance to endocrine therapy was performed in a series of 443 postmenopausal breast carcinomas. Using this approach, we were able to reproduce the established classification with two distinct groups of luminal (estrogen receptor positive) tumors, one group of HER2-associated tumors and a group of triple-negative tumors. However, neither proliferation nor the expression of one or more of the ER-co-factors or resistance-associated factors, but PR-expression was identified as the most important stratifier distinguishing between the two luminal groups. In fact, not only the four identified clusters were shown to be significantly associated with patient outcome, PR-expression alone or in combination with Ki-67-stains stratified ER-positive tumors into a low-risk and a high-risk group. Our data indicate that defining luminal B tumors by the presence of high-risk criteria (loss of PR-expression or increased proliferation) provides a robust and highly significant stratification of ER-positive breast carcinomas into luminal A and B.
Hormonal influences are of substantial relevance not only for normal mammary gland development but also for its plasticity under different physiological situations. However, estrogen-and progesterone receptors are also frequently observed in breast carcinomas and there is substantial evidence for a key role of both steroid hormones in tumor initiation and growth. In fact, anti-estrogenic treatment either by estrogen-deprivation or selective estrogen receptor modulators still represents one of the most successful targeted therapies in cancer treatment. 1 Over the past years, insight into estrogen receptor functions, its cofactors and transcriptional targets has substantially grown and suggest an intricate network of pathways influenced by estrogen receptor or growth factor signaling, regulating different cellular responses such as growth, differentiation, apoptosis, or proliferation. In recent years, a number of interacting pathways such as MAPK or PI3K/AKT signaling have been identified that may be activated in cancer cells leading to sustained growth under anti-hormonal treatment. 2 Genomic profiling in combination with hierarchical clustering has led to the identification of at least four distinct molecular breast cancer subtypes. 3, 4 In addition to tumors containing amplifications of the ERBB2 (or HER2) gene (which have been appropriately termed ERBB2-tumors) and basal-like tumors which contain a high number of so-called triple-negative (ie, estrogen receptor, progesterone receptor, and HER2-negative by immunohistochemistry), two large groups of breast tumors (luminal A and B) were identified that were shown to contain the majority of hormone-receptor positive tumors but that differed in respect to proliferation, metastatic potential, and prognosis. 5 Unfortunately, no reliable molecular predictors or classifiers could be extracted from any of the profiling studies that allowed a prospective designation of a given tumor sample either to the luminal A or the luminal B cluster. Although the overlap of the different genetic signatures between different studies has been disappointingly low and individual tumor samples could not be reproducibly placed in one of the different categories by applying the published signatures, 6 the great merit of these molecular studies was the constant demonstration of the existence of these different molecular phenotypes, for which markers or signatures for proper designation of individual tumor samples in a prospective way are needed.
Today, immunohistochemical detection of ER and PR, as well as HER2 is routinely carried out to allow the selection of patients who will benefit from antihormonal or HER2-targeted therapy. As the basal group of breast cancers has substantial overlap with the triple-negative phenotype, the identification of ERBB2-or basal-like cancers poses no problem. However, separating hormone-receptor positive tumors into low-risk and high-risk (luminal A and luminal B) cancers or patients with lower or greater benefit from cytotoxic chemotherapy requires additional information. Including proliferation data (such as Ki-67 immunostains) into the decision process has been a promising approach, as luminal A tumors typically contain smaller growth fractions as compared with luminal B tumors. 7 However, there are important limitations to this approach: Different studies have used cutoffs of between 5 and 20% Ki-67-positive nuclei for the differentiation of low-risk and high-risk cancers, [7] [8] [9] [10] but the vast number of cases within this range, as well as tumor heterogeneity and (importantly) an overall poor interobserver agreement hampered this approach. 11 Furthermore, as proliferation rates typically decrease following cytotoxic chemotherapy, it is impossible to assess comparable proliferation data once any adjuvant or neo-adjuvant treatment has been undertaken. 12 In the present study, we have chosen a different approach to overcome these limitations. By evaluating the expression of a several well-characterized elements of the ER pathway, including steroid receptors, cofactors and -repressors, as well as interacting growth factor receptors, transcription factors, and oncogenes, we sought to determine individual factors or patterns differentiating lowrisk from high-risk luminal tumors in a consecutive series of postmenopausal patients that were selected as a five-hospital sub-cohort of a larger, epidemiologic series. To facilitate the identification of the other breast cancer subtypes and to compare any observed risk stratification with the established proliferation cutoffs, we included TP53, HER2, and high-molecular cytokeratins (CK5/14), as well as Ki-67-stains.
Materials and methods
From an initial series of 1739 postmenopausal patients diagnosed with breast cancer between 2002 and 2005, 13, 14 we included a subcollective of 443 patients who had been treated in eight of the participating hospitals from the Rhine-NeckarKarlsruhe study region based on the availability of paraffin-embedded tumor tissue. Patients who had received neo-adjuvant cytotoxic chemotherapy were excluded. Clinical and pathological data are summarized in Table 1 . Mean follow-up was 57 months (range, 0-89 months). Average patient age at diagnosis was 63 years (range, 50-75 years).
Paraffin-embedded tumor tissues were collected from the archives of the Institute of Pathology of the Heidelberg University with approval of the local Ethics committee. We constructed a set of tissue microarrays containing triplicates of 0.6 mm cores from different areas of tumor and normal tissue as described previously. 15 Immunostains were performed using the avidinbiotin complex method andaminoethylcarbazol (AEC) as chromogen (Chemmate Immunoperoxidase/AEC Kit, Dako, Hamburg, Germany). Following heat-induced epitope retrieval in citrate buffer (pH6), antibodies against ERalpha (clone 1D5, 1:50, Dako), PR (clone PGR636, 1:50, Dako), HER2 (polyclonal, 1:500, Dako), BCL2 (clone 124, 1:100, Dako), TP53 (clone DO7, 1:100, Dako), CK5/14 (clones XM26 þ LL002, 1:100, Novocastra/Leica, Nussloch, Germany) or Ki-67 (MIB1, 1:100, Dianova, Hamburg, Germany) were incubated at room temperature for 25 min. For ERbeta (clone 14C8, Genetex, Irvine, CA, USA), SRC-1 (clone 1135/H4, Santa Cruz, Heidelberg, Germany), GATA3 (clone HG3-31, Santa Cruz), FOXA1 (clone 2D7, Abnova, Heidelberg, Germany), P300 (polyclonal, Santa Cruz) and IGF1R (polyclonal, Santa Cruz), pretreatment was performed using 1 mM EDTA, pH9 followed by antibody incubation at 4 1C over night. EGFR staining (clone 31G5, 1:30, Zytomed, Berlin, Germany) was performed after proteolytic pretreatment with pronase E (0.1% w/v in PBS, 6 min at 37 1C).
For Ki-67 and TP53 stains, the percentage of positively stained tumor cell nuclei was recorded for each core, for HER2 and EGFR, the three-tiered Dako-Scores were used. BCL2 was evaluated semiquantitatively (0-3 þ ), for CK5/14 and IGF1R, the percentage of positively stained cells was recorded while for the rest of the markers, percentage of positive cells, as well as intensity of staining (0-3) was recorded and subsequently used to calculate immunoreactive scores. 16 ER and PR stains were considered positive in cases with 41% positively stained nuclei as proposed by the ASCO guidelines. 17 In addition, we also calculated immunoreactive scores for ER and PR to allow for the testing of different cutoff-values incorporating staining intensity.
Designation of biological subtypes based on the results of ER, PR, Ki-67, and HER2-stains was performed according to the St Gallen consensus applying a proliferation cutoff of 414%. 18 To calculate IHC4-scores, the original formula by Cuzick et al 18 was used: 94.7 Â ( À 0.100 ER 10 -0.079 PR 10 þ 0.586 HER2 þ 0.240 ln (1 þ 10 Â Ki-67)). Immunoreactive scores for ER and PR were rescaled to a range of 0-10 by using a multiplier of 0.8333. HER2-scores ranging from 0 to 3 were entered into the formula without normalization. On the basis of the distribution of mean and s.d., Ki-67 percentages were adjusted by using a multiplier of 0.4 as described by Cuzick et al 18 and Barton et al. 19 Unsupervised hierarchical clustering was performed using the R software package (R 2.13.2, http://www.cran.org). After normalization of the data to values between 0 and 1 (with 1 representing the maximum score for each marker), the heatmap2 function was used to plot heatmap and trees and to extract the exact position of each tumor sample within the cluster. For further statistical analysis, Fisher's exact test was used for parametric data and Wilcoxon's rank test for non-parametric data. Testing was performed two-sided, P-values o0.05 were considered significant. Uni-and multivariate survival analysis were performed using log-rank tests and the Cox proportional hazards model.
Results
Hierarchical cluster analysis using the immunohistochemically detected expression data of ERalpha, ERbeta, PR, HER2, BCL2, TP53, EGFR, IGF1R, SRC-1, GATA3, FOXA1, AIB1, P300, CK5/14, and Ki-67 reproduced the four established, biologically distinct breast cancer subtypes ( Figure 1 ). The two larger groups contained estrogen receptor positive (luminal) tumors that were separated by progesterone receptor and BCL2 expression. HER2-positive tumors were clustered together regardless of ER-coexpression and most triple-negative tumors Prognostic relevance of progesterone receptor loss were grouped within the fourth group. The detailed staining results and clinico-pathological characteristics of the four groups are summarized in Tables 1  and 2 . Survival analysis demonstrated significant differences in progression-free survival between the four clusters (P ¼ 0.0006 for all four groups, Figure 2a) . Importantly, stratification of luminal tumors into luminal A (good prognosis) and the more-aggressive luminal B subtype was highly significant (P ¼ 0.002). In comparison, the immunohistochemical classification of biological subtypes according to the St Gallen consensus showed significant differences between luminal, basal and HER2 clusters (P ¼ 0.0004, Figure 2b ) but failed to stratify luminal tumors into two distinct (luminal A and B) subgroups with prognostic differences (P ¼ 0.658). At present, most immunohistochemistry-based classification schemes use proliferation (with varying cutoff-values) to separate luminal B from luminal A tumors. The St Gallen consensus has proposed a Ki-67-cutoff of 414% 18 but different studies have used values between 5 and 20% (7-10). However, in our series, Ki-67-cutoffs within this range failed to produce prognostically distinct subgroups ( Figure 3 ). To further investigate a possible role of interobserver variation, we compared the interpretation of Ki-67-stains in estrogen-or progesterone receptor-positive tumors between both a graduate student (LB) and an experienced breast pathologist (SA). Although there was a bias towards lower Ki-67-scores for one of the investigators (LB), the overall interpretation was strongly correlated (rho ¼ 0.778, Po0.0001, Spearman's rank correlation, Figure 4a ). As Ki-67-stains had already been performed on full tissue sections at the time of primary diagnosis in 225 of the cases, we were able to compare these values with the data obtained from the tissue microarrays. Although still significantly associated, lower correlation coefficients were observed (rho ¼ 0.610 and rho ¼ 0.483, respectively, Po0.0001, Spearman's rank correlation, Figures 4b and c) with a substantial number of cases being grouped inconsistently when applying the Ki-67-cutoff of 414% to the different Ki-67 data sets. Accordingly, survival analysis demonstrated significant differences between luminal A and B tumors only when the St Gallen criteria were applied to Ki-67 scores from full tissue sections while the evaluation of three different tissue microarray cores failed to reproduce this classification (Figure 4d-f) . To test whether a different Ki-67-cutoff might be a Prognostic relevance of progesterone receptor loss L Braun et al better prognosticator, receiver operator characteristic-curves using the proliferation data from full tissue sections identified the optimum cutoff-value for the prognosis of a poorer patient outcome was not 14%, but 20% Ki-67-positive nuclei in our series ( Figure 5a ). As progesterone receptor expression was the most important stratifyer between luminal A and B tumors in our cluster analysis, we used receiver operator characteristic-curves to test for the best cutoff-value to predict a poorer prognosis in luminal breast tumors (Figure 5b ). The calculated value of 2 corresponds to 10% positively stained nuclei with a moderate staining intensity. Multivariate analysis using a Cox proportional hazards model confirmed the independant relevance of PR-expression (Table 3 ). In fact, looking at luminal tumors only, lack of PR-expression was the second most important predictor of an adverse patient outcome (odds ratio 2.43, 95% confidence interval (CI) 1.40-4.22; P ¼ 0.0015, see Table 3 ) following lymph node metastasis. This predictive value remained significant when looking at early, stage 1 (luminal tumors, pT1 or 2, no lymph node metastases: odds ratio ¼ 2.68, 95% CI 1.03-6.95, P ¼ 0.043) tumors only. Proliferation, grading, and tumor extent (pT category) did not differ between PR þ and PR low/ À luminal tumors. However, PR low/ À cases In order to test the combination of Ki-67 and PR for risk classification of luminal breast cancers under conditions approximating core biopsies, tumors were grouped into low risk and high risk based on Ki-67 and PR stains from the tissue microarray cores. For this classification, we used the cutoff-values determined by receiver operator characteristic-curve analysis (tumors with low or no PR-expression (o10%/immunoreactive scoreo2) or with high Ki-67 scores (420%)) were classified high risk while the rest of the cases was considered low risk ( Figure 6a ). The progression-free survival of the low-risk group (PRZ2/Z10% and Ki-67r20%) was substantially better than in the high-risk group on univariate (odds ratio ¼ 2.80, 95% CI 1.64-4.79,Po0.0001) and multivariate (odds ratio ¼ 2.53, 95% CI 1.42-4.53, P ¼ 0.0017) analysis. The resulting Kaplan-Meier plot is demonstrated in Figure 6b , red lines. In comparison, the IHC4-score also provided a significant risk stratification in our series when applied to all cases (Figures 6c and d) . However, looking at luminal tumors only, the IHC4-score showed only a trend towards poorer patient survival that failed to reach significancy (high-risk group vs intermediate-and low-risk tumors, P ¼ 0.0737, Figure 6b ).
Discussion
The molecular classification of breast carcinomas into four major subtypes (luminal A, luminal B, ERBB2, and basal-like) has not only separated tumors into different groups with characteristic molecular alterations, but also with distinct biological behavior. 20 The luminal A subtype is characterized by high expression of ER, as well as a number of ER-targets and a low overall proliferation while the (higher-risk) luminal B subtype expresses not only estrogen receptors but a number of cell-cycle associated RNAs, as well as receptor tyrosine kinase-signaling associated genes. 21 On the basis of these findings, endocrine therapy is believed to be more effective in the luminal A group while the luminal B subtype seem to represent cancers, in which endocrine therapy may fail and additional cytotoxic chemotherapy may have a higher benefit. 23 As attempts for a prospective tumor classification using expression profiling have been difficult, 6 the St Gallen international expert panel has proposed surrogate definitions using routinely available, conventional immunohistochemical stains for ER, PR, HER2, and Ki-67. Still, the distinction of ER þ / HER2 À luminal breast cancers into (low-risk) luminal A and (higher-risk) luminal B subtypes based on Ki-67-stains has turned out to be difficult due to interobserver variability and the substantial heterogeneity within the tumor tissue. 24 Luminal A and luminal B substantially differ regarding the mechanisms mediating cell proliferation and survival. While in luminal A tumors conventional nuclear transcriptional activity of the estrogen receptor is believed to confer important growth stimuli, luminal B tumors are characterized by activation of non-canonical ER signaling, as well as receptor cross-talk with tyrosine kinases leading to an activation of PI3K-and/or MAPK-signaling. 25 To evaluate whether the immunohistochemical detection of parts of the ER signaling network may be used to distinguish the two biologically and prognostically distinct types of luminal tumors, we performed unsupervised hierarchical clustering of a series of postmenopausal breast carcinomas using a set of proteins involved in estrogen receptor signaling or associated with resistance to endocrine therapy in combination with established breast cancer-related proteins. Similar to previous studies that applied hierarchical clustering to cDNA data, we identified two distinct luminal (estrogen receptor positive) subtypes, one group of HER2-associated tumors and a group of triple-negative tumors. Surprisingly, neither proliferation nor the expression of one or more of the ER-cofactors or resistance-associated factors, but PR-expression was identified as the most important stratifyer between the luminal subtypes in our series. In fact, not only the four identified clusters were shown to be significantly associated with patient outcome, PR-expression alone could be used to stratify ER þ tumors into a low-risk and a high-risk group. The outcome of PR low/ À luminal tumors remained significantly poorer in multivariate analysis, as well as in subgroup analyses of localized and stage 1 carcinomas.
The hypothesis that PR-expression predicts response to endocrine therapy has been proposed by Horwitz et al 25, 26 more than 30 years ago. On the cellular level, PR-negative luminal tumors are characterized by increased growth factor signaling, 27, 28 as well as an activation of non-canonical ER-signaling 29, 30 resulting in an increased activation of the PI3K and MAPK pathways. Two large patient series analyzed by Bardou et al 31 demonstrated a substantially poorer patient outcome of ER þ /PR À tumors following anti-hormonal treatment using tamoxifen. Although the use of aromatase inhibitors instead of selective estrogen receptor modulators has improved the outcome of ER þ /PR À patients in the ATAC trial, 32 results from the Breast International Group demonstrate not only a highly significant association of PR-expression with disease-free survival in ER-expressing tumors but also a higher efficacy of the aromatase inhibitor letrozole over tamoxifen in ER þ /PR þ -tumors, which failed to reach significancy for ER þ /PR À tumors. 33 Our data demonstrate that assessing PR-expression allows for the prospective stratification of luminal tumors into a low-risk and a high-risk group. Although the identification of PR as the single most important stratifyer between both luminal groups in our series came as a surprise, a closer look at ER biology may explain this finding as the PR gene is a classical target of canonical ER signaling following nuclear ER activation in the presence of a functioning network of cofactors. 34, 35 In the context of either selective estrogen receptor modulators blocking canonical ER action or inactivation of some of the cofactors, the ER interacts with growth factor receptors leading to an activation of MAPK or PI3K signaling, but no transcription of ER-targets such as the PR. 22 Interestingly, PR is an important part not only of the PAM50 gene signature, a set of 50 genes that can be used to determine the intrinsic subtype of a given tumor sample, 36 but also of the 21-gene recurrence score (Oncotype DX, Genomic Health Inc., Redwood City, CA, USA). 37 In the latter, PR-expression in fact has a 50% higher influence on the ER-subscore than the ER itself while in the PAM50 signature, high PR levels are characteristic of luminal A, but not of luminal B tumors.
However, while our data show that loss of PRexpression is an important predictor of poorer patient outcome in ER þ breast carcinomas, occasionally aggressive tumors with molecular or immunohistochemical evidence of activated alternative signaling mechanisms may be PR positive and thereby missed when using PR-expression alone to classify luminal tumors into low-and high-risk cases. This is especially true for HER2-amplified breast cancers, some of which still express ER and PR (so-called 'triple-positive' tumors). Although these 'triple-positive' cases may be diagnosed as luminal B tumors according to the St Gallen consensus, 18 our unsupervised cluster analysis grouped them next to the other HER2-amplified/ overexpressing cases. In the clinical setting, it may be best to clearly relate the HER2-positivity in these cases just to the therapeutic implications. However, as a number of other growth factor receptors, including EGFR, IGF1R, and IR may also be activated in luminal B breast carcinomas 38, 39 resulting in increased proliferation, we tested a risk classification, in which loss of PR-expression (o10% positive nuclei/immunoreactive scoreo2) or high tumor proliferation (420% Ki-67-positive nuclei) were used to define luminal tumors as high risk. Although the cutoff-values for PR and Ki-67 were based on receiver operator characteristic-curve analysis with progression-free survival as stratifier, the same cutoffs for both PR and Ki-67 had also been used by previous studies to discriminate prognostically divergent groups of tumors. 8, 40, 41 In our series, this classification was superior to the conventional classification according to the St Gallen criteria, as well as the immunohistochemical IHC4-score in predicting patient survival. The IHC4-score has previously been shown to provide similar prognostic information as the 21-gene recurrence score in breast cancer patients. 19 In combination with clinico-pathological data (grade, tumor size, extent of lymph node metastases and anti-hormonal treatment) it can be used for the risk stratification of early breast carcinomas in a prospective way. 20 We can confirm the prognostic value of the IHC4-score when looking at unselected breast tumors. However, when applied to HER2-negative, luminal tumors, the simplified low-risk and high-risk (or luminal A/luminal B) classification based on PR and Ki-67-stains provides a better stratification, which can be attributed to the influence of HER2 and ER on the score. In addition, Ki-67 immunostains have been shown to show the greatest intratumoral variability in tumors with moderate proliferation rates (around 10-20% positive nuclei), 24 so that in our hands, a combination of PR and Ki-67 renders the classification of breast tumors into luminal A (low risk) and luminal B (high risk) more reliable.
In conclusion, our data demonstrate, that assessment of PR-expression using conventional immunostains allows for the distinction of high-risk and low-risk ER þ (luminal) breast cancers reflecting the biological activity of canonical ER-signaling in the tumor cells. In addition, combining PR-expression with a higher Ki-67-cutoff (20%) may overcome the limitations of the current St Gallen consensus to more reliably stratify ER-positive tumors into luminal A (low risk) and luminal B (high risk).
